I. INTRODUCTION
As described in the companion Resource Letter (GECC-1), the so-called "greenhouse effect" results in an increase in global mean surface temperature (GMST) that is about 32 K greater than what it would otherwise be for the same planetary absorption of solar radiation and is thus a major feature of Earth's present climate. The examination in GECC-1 of the magnitudes of the several energy fluxes that characterize Earth's climate system, the physical processes that give rise to the greenhouse effect, and the magnitude of the greenhouse effect provides context and sets the scene for the examination here of the increases of atmospheric amounts of greenhouse gases (GHGs) and other changes in atmospheric composition due to human activities over the Anthropocene epoch, 1-3 the period of time over Earth's biogeochemistry and climate have been appreciably affected by human activities, roughly the past 200 years, and the consequences of prior and prospective changes in climate. The emphasis here will be on change in GMST. It is commonly assumed, and generally found in studies with large-scale climate models, that changes in other climate properties, such as precipitation, will be linear in the change in GMST, but with recognition that the changes in climate variables will not be spatially uniform.
Sources and References. As indicated in Resource Letter GECC-1, a broad and detailed examination of present understanding of the climate system and climate change is given in the several Assessment Reports of Working Group I of the Intergovernmental Panel on Climate Change (IPCC), especially the two most recent reports. 4, 5 These reports, which are freely downloadable on the web, are essential references for any student of climate and climate change. Resource Letter GECC-1 called attention also to several texts that might serve as an introduction to the climate and to the physics of climate. A hypertext history of the development of understanding of the greenhouse effect and climate change more generally by Weart, 6 which supplements his very readable book, may be accessed at http://www.aip.org/history/ climate/index.htm. The monograph by Br€ onnimann 7 deals with many aspects of natural and anthropogenic climate change over the past 500 years. Citations to the primary and secondary literature given in this Resource Letter are intended to be of historical and pedagogical value, as well as to lead the reader to the research literature without attempting to be exhaustive.
Geophysical data. Data sets particularly pertinent to climate change over the Anthropocene in addition to those given in Resource Letter GECC-1 are time series for components of global mean radiative forcing and for components of the global atmospheric CO 2 budget; see also citations to data sources given in captions to Fig. 1 and Table II .
Organization of this Resource Letter. Section II quantifies the increases in amounts of GHGs over the Anthropocene, introduces the radiative forcing concept, and quantifies forcings by incremental GHGs and other forcing agents over the Anthropocene. Section III focuses more explicitly on forcings by incremental GHGs and on the atmospheric residence times of the key GHGs. Section IV examines climate system response to forcings, introduces the climate sensitivity concept, and examines estimates of Earth's climate sensitivity and present uncertainty in these estimates. Section V examines the expected change in global temperature that would be expected based on estimates of forcings over the Anthropocene together with estimates of Earth's climate sensitivity, again with associated uncertainties and examines implications for prospective future change in global temperature. A summary is presented in Sec. VI.
Supplementary Notes (SN) in the online version of this Resource Letter provide detail or lend perspective, as follows.
SN1. Calculation of radiative forcing by an incremental greenhouse gas. SN2. Can forcings from increases in GHGs be measured? SN3. The budget and adjustment time of incremental atmospheric CO 2 . SN4. Treating global temperature response as linear in the perturbation.
1. "The Anthropocene," P. J. Crutzen and E. F. Stoermer, IGPP Newsletter No. 41, pp. 16-18 (2000) . http://www. igbp.net/download/18.316f18321323470177580001401/ 1376383088452/NL41.pdf. Historical. (E) 2. "Geology of mankind," P. J. Crutzen, Nature 415, 23-23 (2002 
II. RADIATIVE FORCING OF CLIMATE CHANGE
The anthropogenic influences on the planetary radiation budget and responses of the climate system to perturbations are the key questions that face the climate change research community today. Well established by measurements, atmospheric mixing ratios of several long-lived gases that contribute to Earth's greenhouse effect have increased substantially over the past 250 years because of human activities [see Fig.1 ]. Mixing ratios prior to contemporaneous measurements are from glacial ice cores, mainly in Antarctica, for which the record extends to 800,000 years before the present. The dataset initiated in 1958 by Charles David Keeling 10, 11 at Mauna Loa, Hawaii, isolated from local sources and sinks and thus representative of the Northern Hemisphere, reveals the annual cycle of draw down and release of CO 2 by terrestrial vegetation. This dataset has become an icon of the anthropogenic influence on GHG concentrations. The increase in abundance of carbon dioxide and methane over the Anthropocene is comparable to the increase between the last glacial maximum and the Holocene, the current temperate epoch of Earth's geological history. Shown on the righthand axes of the several panels in Fig. 1 are the perturbations in the longwave radiation budget of the planet that would result from the increases in the mixing ratios of the several gases. This hypothetical increase in the net rate of uptake of energy by the climate system (or more generally, any such change in Earth's energy budget that is imposed from outside the climate system) is denoted a forcing; like the energy fluxes themselves, forcings are commonly given normalized to the area of the planet, with unit WÁm
À2
. The sum of the several forcings during the Anthropocene due to the increase in abundance of GHGs leads to expectation of a resultant increase in the greenhouse effect and consequent increase in Earth's surface temperature. The increases in atmospheric abundances of the so-called long-lived GHGs, most importantly carbon dioxide (CO 2 ), but also including methane (CH 4 ), nitrous oxide (N 2 O), and chlorofluorocarbons (CCl 2 F 2 , CCl 3 F) are at the core of the present concern over anthropogenic global warming, or more broadly over anthropogenic climate change.
The magnitude of forcing by the several long lived GHGs, about 3 WÁm À2 at present relative to the preindustrial atmosphere, is some two orders of magnitude less than the global and annual mean outgoing longwave flux at the top of the atmosphere (TOA) or than the corresponding average downwelling or upwelling longwave fluxes at the surface (Resource Letter GECC-1, Fig. 2 ). This disparity serves to justify treating this forcing as a perturbation on the climate system. Moreover, the spatial and temporal variations in the several fluxes inherent in the climate system (Resource Letter GECC-1, Fig. 3 ) greatly exceed the magnitude of the perturbation due to increased amounts of atmospheric GHGs, challenging the capability to measure the radiative effects of the incremental GHGs (SN2). Consequently, these radiative effects are not determined by measurement but are calculated, based on the absorption spectra of the several gases and the atmospheric state.
Over the Anthropocene, industrial activities have also resulted in increases in the amounts of aerosols in the Table 8 .6 and of names of major volcanos. troposphere. Aerosol particles scatter shortwave radiation and increase the reflectivity and persistence of clouds; increases in aerosol loadings would be expected to reduce the absorption of shortwave radiation incident on the planet, thereby changing Earth's radiation budget (i.e., exerting a forcing) in a direction opposite to the increase in net energy due to increased GHGs. The magnitudes of the radiative perturbations due to anthropogenic aerosols are comparable to those of the GHGs, but the perturbations are much less well understood and quantified; absorption of shortwave radiation by soot particles lends further complexity to the aerosol forcing. Incremental tropospheric aerosols are due largely to fossil fuel combustion through direct emission and atmospheric reactions involving sulfur and nitrogen oxides emitted as combustion byproducts. A major difference between the influences of incremental GHGs and incremental aerosols arises from the vast difference in atmospheric residence times of the GHGs (decades to centuries) and the tropospheric aerosols (about 10 days, through removal mainly by precipitation), the implications of which are examined in Sec. V. Quantitative understanding of the climate system response to perturbations over the Anthropocene and to responses to future changes in atmospheric composition must take all of these perturbations into account. As the aerosol influences are not well understood, they are the subject of much current research. 15 Present best estimates by the IPCC 4 of global-mean forcings of Earth's radiation budget over the Anthropocene epoch are shown in Fig. 2 . The sign convention is that forcings, which increase the net energy of the planet, are denoted as positive and those which decrease the net energy are negative; thus, forcings by incremental GHGs are positive and forcings by incremental aerosols are in the aggregate negative. As discussed in Sec. IV and SN4, change in GMST in response to forcings can be considered in good approximation to be linear, at least to first order; that is for a forcing of a given type the response is proportional to the strength of the forcing, and forcings of different types are algebraically additive. Thus, the negative forcing by anthropogenic aerosols must be considered as offsetting some fraction of the positive forcing by GHGs. In addition to the gradual, longer-term perturbations due to the build up of atmospheric GHGs and aerosols over the Anthropocene, the total forcing has been punctuated by intermittent large negative forcings arising from major volcanic eruptions. These eruptions inject sulfur dioxide into the stratosphere; sulfuric acid aerosol formed from this sulfur dioxide scatters incident shortwave radiation, thus increasing the planetary albedo. The forcing from a given volcanic eruption decreases gradually over a several-year period as the aerosol is removed from the stratosphere as stratospheric air is exchanged with that of the troposphere; once in the troposphere the aerosol is rapidly (weeks) removed from the atmosphere, mainly by precipitation.
Shown at the right of Fig. 2 are the best estimates of the values of present (2011) forcings by the several forcing agents (bars) and of the associated uncertainties (I-beams denoting central 90% of likelihood distribution) given by the 2013 IPCC assessment. 4 The relatively small uncertainties associated with forcings by the incremental GHGs contrast to the quite large uncertainties associated with the incremental tropospheric aerosols reflected in the large uncertainty range given in the Assessment [À0.09 to À1.88 WÁm
]. Because of the additivity of forcings, the best estimate of total forcing carries with it the uncertainty associated with the aerosol forcing. If the aerosol forcing is at the lowmagnitude end of the indicated range, then the aerosol is offsetting only a small fraction of the forcing by GHGs, and the total forcing is at the high end of the indicated range, 3.33 WÁm À2 . If, however, the aerosol forcing is at the highmagnitude end of the uncertainty range, the offset of GHG forcing by aerosol forcing is quite substantial, with the total forcing 1.13 WÁm
. The resultant uncertainty in total forcing is thus a factor of 3. As discussed in Sec. IV this uncertainty in total forcing over the Anthropocene epoch has major implications with respect to interpretation of climate change over this period. 
III. THE INTENSIFIED GREENHOUSE EFFECT
The foregoing overview of the climate system, with emphasis on the processes that control Earth's radiation budget, permits examination of the anthropogenic perturbations to this budget. The important drivers of this change are increases in atmospheric infrared-active gases over the Anthropocene, shown in Fig. 1 , and increases in tropospheric aerosols. This section examines the changes in amounts of greenhouse gases and the resultant forcings. Determination of the changes in Earth's radiation budget due to perturbations in composition requires knowledge of the increments in atmospheric abundances of the pertinent substances and evaluation of the resulting perturbations in radiation. The forcings by incremental greenhouse gases are, to a good approximation, linear in the amount of incremental gas. It is thus possible to separate the calculation of the forcing into two components: (1) determination of the anthropogenic perturbation to the amount of greenhouse gas, and (2) determination of the change in TOA flux per increment of the gas. This separation simplifies the problem and permits attribution of the sources of uncertainty to one or the other component.
A. Anthropogenic increments in greenhouse gases
As shown in Fig. 1 , the amounts of carbon dioxide, methane, and nitrous oxide, which had been relatively constant for several thousand years, have increased substantially and systematically over the past two centuries, a consequence of human activities. These increments are firmly established by measurements in ice cores and, for more recent times, direct atmospheric measurements. The increase in the amount of CO 2 in the first half of the 19th century was due mainly to deforestation; 16 subsequently this increase has been increasingly dominated by emission from fossil fuel combustion, which now accounts for almost 90% of total CO 2 emissions. The increases in methane and nitrous oxide are due to a mix mainly of agricultural activities and energy production, Table I . Additionally, chlorofluorocarbons CCl 2 F 2 and CCl 3 F, which are also strongly infrared-active, have been introduced into the atmosphere through their use as refrigerants and propellants. Although production of these gases has been greatly curtailed because of their role in depletion of stratospheric ozone, these gases remain present in the atmosphere 17 . These changes in atmospheric composition have resulted in a change Earth's radiation budget, mainly in the longwave, and thus a radiative forcing of climate change.
B. Radiative forcing by incremental greenhouse gases
The radiative forcing due to an increase in the amount of a greenhouse gas in the atmosphere is the net decrease in outgoing longwave radiation at the TOA that would result from such an increase prior to any increase in Earth's surface temperature that would counteract the radiative imbalance imposed by this increase. This forcing is determined by radiation transfer calculations that rely on the spectroscopic properties of the several gases. Such radiation transfer calculations are carried out with global-scale models that have realistic distributions of temperature, clouds, and water vapor. Integration over space and over an annual cycle (or perhaps several years to average out fluctuations) yields the forcing for a given increment of greenhouse gas or gases. The example calculation of radiative forcing in SN1 explicitly illustrates the dependence of this forcing on the vertical temperature structure of the atmosphere.
Calculations such as those in SN1 but carried out globally and over annual and diurnal cycles, have led to development of simplified expressions for the global mean forcings of the several long-lived GHGs given in Table II . The dependence of CO 2 forcing on mixing ratio shown in the table as logarithmic is sublinear in mixing ratio (slope decreases with increasing value of argument), as the increase in absorption is due only to increased absorption in the wings of the lines, the line centers being saturated. For CH 4 and N 2 O the lines are not quite so saturated, resulting in an increase in forcing with increasing mixing ratio that is less sublinear than that of CO 2 and which is commonly represented as a square-root dependence. For the chlorofluorocarbons, CCl 2 F 2 and CCl 3 F, which are entirely anthropogenic and for which the basecase mixing ratio is zero, the forcing is linear in mixing ratio and is much stronger per incremental mixing ratio than for CO 2 . Although commonly given expressions for forcing by the incremental GHGs are sublinear, the forcings to date, relative to the preindustrial climate, are approximately linear, Fig. 3 , although sublinear expressions would be needed for wider ranges of mixing ratios. The linearized expressions given in Table II explicitly show the much stronger forcing per increment of mixing ratio for chlorofluorocarbons, followed by N 2 O and CH 4 than for CO 2 . It is this variation in forcing per incremental amount of gas in atmosphere, which gets entirely obscured by the several different functional forms, that is much more the take-home message than any nonlinear dependence on mixing ratio.
Because of the importance of forcing by GHGs as a driver of climate change, and because forcing cannot be directly measured (SN2) but can be determined only by radiative transfer calculations, such calculations assume considerable significance. A measure of the accuracy of such calculations comes from comparisons of forcings as calculated by multiple models. The global mean forcing that would result from doubling the atmospheric mixing ratio of CO 2 , as calculated for a cloud-free atmosphere by several radiation transfer models and by the radiation codes of several general circulation climate models, was found to exhibit quite small spread (standard deviation 0.07 WÁm À2 or 1.6%). This small spread is indicative of the confidence that can be placed in such calculations. 22 However, as the comparison was conducted for a cloud-free planet in order to avoid complications arising from differing treatments of clouds in climate models, the resulting forcing, about 4.5 WÁm
À2
, substantially exceeds the 3.7 WÁm À2 for forcing by doubled CO 2 obtained with the widely used expression in Table II . Moreover, it has become appreciated in the past several years that the introduction of a greenhouse gas into the atmosphere would likely induce changes in atmospheric thermal structure and in turn clouds, thereby modifying the radiative impact of the incremental greenhouse gas from what it would be with static atmospheric structure. As this adjustment occurs rapidly (days to weeks), well prior to appreciable response of global surface temperature to the forcing, 23, 24 the resultant radiative changes are more usefully viewed as altering the forcing rather than as a response of the climate system to the forcing. The resulting forcing has been denoted the "adjusted forcing." The inter-model spread in adjusted forcing by doubled CO 2 is much greater than that obtained for the pure radiative forcing in the absence of clouds and without accounting for adjustments. For the 23 One further greenhouse gas that should be mentioned is tropospheric ozone, which is produced by atmospheric chemical reactions involving nitrogen oxides emitted as byproducts of fossil fuel combustion and natural and anthropogenic hydrocarbons. Concentrations of ozone have increased substantially over the past 250 years. As production is localized to areas of high emission density and exhibits a rather strong seasonal cycle, and as excess atmospheric ozone is rather short lived (months), the gas is rather nonuniformly distributed spatially and temporally. The best estimate of the greenhouse forcing by incremental tropospheric ozone is about 0.4 6 0.2 WÁm
; a forcing of this magnitude, although not negligible as an agent of climate change, is small relative to forcing by the incremental long-lived GHGs. The large relative uncertainty, [6 50%] (central 90% of the likelihood distribution), is due much more to uncertainty in the amount and distribution of the increase in tropospheric ozone over the Anthropocene than to uncertainties associated with radiative transfer.
Two additional points should be noted regarding forcings. First, as indicated in Sec. II and examined further in Sec. IV, the forcing by increases in GHGs over the Anthropocene represents the amount by which the longwave energy leaving the planet would have decreased, relative to the preindustrial steady state, in the absence of any increase in global temperature and resultant increase in longwave emission (and/or decrease in shortwave absorption) that would offset the imposed imbalance. As discussed in SN1 of Resource Letter GECC-1, a forcing of 3 WÁm
, if not compensated by restoration of the planetary energy balance resulting from increase in surface temperature, would result in a planetary warming rate much greater than has been experienced over the Anthropocene. Thus, the change in net irradiance at the top of the atmosphere (TOA) in response to this applied forcing (i.e., the planetary energy imbalance) must be well less than the applied forcing, and this would apply in general for the planetary response to any applied forcing.
A second important point about the forcing by increases in GHGs over the Anthropocene is that this forcing represents a perturbation of about 1% of the total global and annual mean outgoing longwave radiation at the TOA. The requirement is thus to determine the consequences of a 1% change in a quantity that is highly variable spatially and temporally to some desired accuracy, say 25%. This is a key reason why quantifying the effects of the increases in GHGs on Earth's climate has been and continues to be such a challenge.
In summary, current estimates of radiative forcing by incremental GHGs, at present and as a function of time over the Anthropocene, rest on radiative transfer calculations, averaged globally and over the annual cycle. They take into account the optical properties of the gases and other controlling influences, importantly temperature and its vertical structure, spectral interference by other GHGs including water vapor, and interference by clouds (e.g., Ref. 25) . Although based on well-understood physics, such calculations are not trivial, and likewise calculation of global average forcing is not trivial. Temperature exhibits seasonal and more rapid variation, affecting greenhouse gas forcing directly and indirectly through radiative interactions with water vapor and clouds. Consequently, even though the incremental amount of the gas is fairly uniformly distributed in the global atmosphere on account of the long residence times of these gases, forcings by incremental GHGs are, in general, dependent on location, season, time of day, cloudiness, and the like. All these situational dependences must be accounted for in calculating the global averages of the several forcings. Still more complicated is modeling of forcings by tropospheric aerosols, whose properties and distributions in the atmosphere are highly nonuniform and whose interactions with clouds are not yet well understood. It is estimates of forcings obtained in this way, together with uncertainties inferred from inter-model spread and observational constraints, that were examined in the 2013 IPCC Assessment 4 and which are summarized in Fig. 2 .
C. Adjustment times of forcing agents
A further important property of forcing agents (greenhouse gases, aerosols) influencing their impacts on climate change is their residence times in the atmosphere. These residence times are governed by chemical, physical, and, for CO 2 , biological processes that remove the substances from the atmosphere. Removal of greenhouse gases methane, nitrous oxide, and chlorofluorocarbons takes place largely by gas-phase chemical reactions on time scales of a decade or so (CH 4 ) to a century or so (N 2 O, CFCs), Table II . Aerosol particles are removed from the atmosphere mainly by precipitation and, especially for larger particles (diameter տ 3 lm) gravitationally and/or and inertially induced deposition to the surface, on a much shorter time scale, about a week. The situation with anthropogenic CO 2 is more complicated, because of the abundant natural background of CO 2 with sources and sinks that greatly exceed the source strength of anthropogenic CO 2 . It is thus necessary to distinguish the mean atmospheric residence time of CO 2 , from what is termed the adjustment time of incremental CO 2 , the time constant that would characterize the rate of removal of incremental CO 2 in the atmosphere relative to the preindustrial amount (e.g., Ref. 4, Glossary, p. 1457). This adjustment time is the quantity that characterizes the persistence of the intensified greenhouse effect of anthropogenic emissions of CO 2 . The role of natural sources and sinks of CO 2 is manifested in the annual fluctuations of atmospheric CO 2 mixing ratio seen, for example, in the Mauna Loa record, Fig. 1 . From estimates of the rate of uptake of CO 2 into the terrestrial biosphere and ocean (Ref. 5, Figure 7. 3) the mean residence time of atmospheric CO 2 (amount in the atmosphere divided by removal rate) is estimated at about 3 years. However, the residence time reckoned in this way is inappropriate for consideration of the adjustment time of incremental CO 2 . From its definition, it is seen that the adjustment time of incremental CO 2 is a hypothetical quantity, as it cannot be directly measured. However, it can be inferred by modeling of the planetary carbon cycle 26, 27 or from considerations of the budget of excess atmospheric CO 2 , (Refs. 20 and 21; SN3). Budget considerations indicate an adjustment time for CO 2 at present of about 45 years, increasing somewhat from 1958 to the present and thus likely to continue to increase in the future.
The key question facing the climate change research community is how much global temperature would be expected to increase for a given increase in CO 2 or other GHGs in the atmosphere. Closely related is attribution of the observed increase in global temperature to the increase in GHGs and whether the magnitude of this increase is consistent with expectation. Yet another key question is the time scale over which such temperature response would occur. Change in global mean surface temperature (GMST) is commonly taken as the principal indicator of climate change under the assumption that changes in other components of the climate system would scale linearly with change in GMST. This hypothesis is borne out for global-annual quantities, such as precipitation amount, in studies with global climate models. Computer representations of the key processes of the climate system permit examination of the consequences of perturbations in amounts of greenhouse gases and aerosols or other perturbations-(realistic or intentionally unrealistic) such as changing the solar constant. Locally, and over shorter time periods, changes can be quite nonlinear, especially those associated with the ice-liquid water transition. Here the focus is restricted to GMST as an indicator of climate change on a global scale.
Recognition that a forcing would be expected to induce a change in global temperature leads to definition of a quantity commonly denoted as Earth's equilibrium climate sensitivity, the amount by which GMST would change, for long times, in response to a sustained global mean forcing F, normalized to that forcing
Equation (1) may also be viewed an explicit statement of the linearity of response of GMST to forcing, at least to first order in the perturbation; see SN4. Determination of this socalled equilibrium sensitivity is a longstanding goal and challenge to the climate research community. It is important here to qualify use of the word "equilibrium" in the context of climate sensitivity. It should be emphasized Earth's climate is by no means an equilibrium system. A state of dynamic equilibrium is characterized by detailed balance (equal and opposite fluxes) on all paths. This condition is decidedly not met by Earth's climate system, which is characterized by shortwave radiation in and longwave radiation out. Nonetheless the term "equilibrium climate sensitivity" is in widespread use; hence the subscript "eq." Importantly, the equilibrium sensitivity is pertinent to the changes in surface temperature that characterize the response of Earth's climate system to perturbations generally, not just to the hypothetical situation of a new steady state. Let the N be the net energy flux into the system. For the unperturbed system, this net energy flux consists of two terms, the absorbed shortwave flux Q 0 and the emitted longwave flux E 0 , where the subscripts 0 denote the initial, unperturbed state. In this initial state
cf. Eq. (1) of Resource Letter GECC-1. The response of the climate system to a perturbation is illustrated schematically in Fig. 4 for the example of a hypothetical step-function perturbation, the application of a constant forcing F app commencing at time t 0 , shown in the bottom panel. Here, "external" means that the perturbation is not a part of the climate system, for example, the addition of an incremental amount of a greenhouse gas into the atmosphere or, hypothetically, an increase in the solar constant. The change in radiation budget due to the forcing is to be distinguished from the change in the budget that would result from climate system response to the perturbation. With the sign convention that positive forcing F denotes an increase in the net energy flux into the system, then initially, at time immediately after t 0 , the rate of change of the heat content of the planet, N, previously 0, is abruptly increased by the forcing (middle panel of Fig. 4) ,
The positive net energy flux results in a gradual increase in the heat content of the planet and in turn the surface temperature, top panel. As the temperature increases, the climate system responds by increasing the emitted longwave radiation (decreasing E; recall the sign convention that E is the negative of the emitted longwave flux) and/or by increasing reflected shortwave irradiance from the planet (decreasing Q, the absorbed shortwave flux). Both responses would, over time, decrease the net downward radiative flux at the TOA, N, offsetting the imposed forcing. This response of the climate system to an imposed forcing is the reason that after time, the energy imbalance of the planet is much less than the applied forcing. A simple, but considerably more realistic, representation of the time response of the climate system to perturbations is given by a two-compartment model of the climate system. [28] [29] [30] [31] [32] This model exhibits two time constants, a short time constant of about 8 years characteristic of the response of the ocean mixed layer and a long time constant of about 500 years, characteristic of the response of the deep ocean.
Under the assumption (SN4) that the decrease in net downward flux at the TOA is linear in the change in surface temperature, then over time subsequent to imposition of the perturbation
where the subscript 0 denotes that the derivatives are evaluated at the initial state, consistent with treatment of effect of the perturbation to first order. At long time such that a new steady state is reached, the net flux into the system Nðt ! 1Þ ! 0. At such time
so that the identification can be made, cf. Eq. (1)
Equation (6), which formally relates the equilibrium climate sensitivity to the derivatives of absorbed shortwave flux and emitted longwave flux with respect to surface Fig. 4 . Conceptual depiction as a function of time of response of climate system to step-function forcing at time t 0 . F app is the applied forcing; DT s is the change in surface temperature; N is the rate of change of heat content with time or, equivalently, the net radiative flux imbalance at the top of the atmosphere, TOA.
temperature, is useful in defining feedbacks in the climate system and as a tool for examining contributions to climate sensitivity in three-dimensional global climate models. The feedback terminology, which derives from its use in analyzing electronic circuits, was introduced into the climate change literature by Hansen et al. 33 An important insight from Fig. 4 , and the result holds generally, is that because of climate system response to forcing, a forcing is not a quantity that can be determined by measurement, for example, by measurement of the energy imbalance at the TOA. Rather it is a quantity that can be obtained only by calculation based on knowledge of the perturbation in atmospheric composition, taking into account the state of the atmosphere.
The identification in Eq. (6) together with Eq. (4) shows that the equilibrium sensitivity is a useful measure of climate change not just when the system has attained a new steady state, but generally (e.g., Ref. 34). Solving Eq. (4) for DT s (t) yields
where DT s (t) and F(t) are defined relative to an initial steady state. Still more generally, for two states of the climate system, neither of which is at steady state
where all D's are calculated between the two climate states. These expressions, which rest on conservation of energy in the climate system and which therefore might be considered "the simplest imaginable parameterization of climate system response to radiative forcing," 35 are central to interpretation of climate change. In contrast to forcing, the energy imbalance of the climate system N is a quantity that can be measured, in principle at the TOA from satellites and in practice as the rate of change of global heat content, the great majority of which is manifested in change in temperature of the global ocean. 36 An initial indication of the equilibrium sensitivity of Earth's climate to a radiative perturbation may be gained from the model of the climate system without feedbacks given by Eqs. (1)-(3) in Resource Letter GECC-1, §II. In the absence of feedbacks, that is, neither the planetary coalbedo, c, nor the effective emissivity, e, (Resource Letter GECC-1, Sec. II) is a function of surface temperature, T s , the derivatives in Eq. (4) are
from which the sensitivity of this no-feedback climate system, denoted by the subscript NF, is
This no-feedback sensitivity is the equilibrium sensitivity of a Stefan-Boltzmann-like planet that is gray in both the shortwave (co-albedo c ¼ 0.71) and the longwave (emissivity e ¼ 0.62) but with both grayness quantities held constant is about 0.30 K/(WÁm À2 ). If the assumptions of this model were accurate for Earth, we would have solved a big part of the science question having to do with climate change. Unfortunately, the problem is much more complicated than this because the actual response of Earth's climate system to perturbations includes the effects of feedbacks.
Historical understanding of the magnitude of Earth's actual "equilibrium" climate sensitivity is summarized in Fig. 5 , which shows best estimates of this quantity and of associated uncertainties going back to the original estimate by Arrhenius 37 (Nobel Prize in chemistry for ionic dissociation; activation energy of chemical reactions). Arrhenius obtained his estimate by extensive calculations as a function of latitude and season, taking into account snow/ice cover, relative humidity, cloudiness, and the absorption spectra of water vapor and carbon dioxide. Also shown for reference is the no-feedback sensitivity just calculated, with the date being that of the determination of Stefan's constant. (There is no indication that Stefan calculated this sensitivity, but he did use his law to obtain a very accurate determination of the temperature of the Sun.
39
) Despite much work, especially over the past several decades, Earth's equilibrium sensitivity remains quite uncertain, for a variety of reasons, as summarized in the 2013 IPCC Assessment (Ref. 4, Sec. TFE.6). As the value of this sensitivity has major implications on strategies to constrain global temperature rise due to increases in GHG concentrations, determination of Earth's climate sensitivity is the "holy grail" of current climate change research.
Attention is called to the two ordinate scales on the graph in Fig. 5 . For historical reasons that go back to Arrhenius' 1896 estimate, 37 the sensitivity of the climate system to a radiative perturbation is commonly expressed as long-term temperature increase DT 2Â that would result from a sustained doubling of atmospheric CO 2 , denoted here and elsewhere as the CO 2 doubling temperature of the planet. This quantity is also commonly denoted the "equilibrium climate sensitivity" of the planet, but as stressed above the system is not an equilibrium system, and, moreover, and the quantity is a temperature change for a specific forcing, not a sensitivity. Expressing the long-term sensitivity as DT 2Â , denominated on the left-hand axis of the figure, particularizes the sensitivity as the response to CO 2 doubling; this particularization raises questions, for example, about possible dependence on the magnitude of CO 2 mixing ratio at the initial state and about the response to a perturbation other than that of doubling CO 2 (other magnitudes of CO 2 perturbation or other kinds of radiative forcings). The systematic unit for sensitivity, K/(WÁm À2 ), as determined in the above calculation for the no-feedback climate sensitivity and denominated on the right-hand axis, has not gained much traction, much as it might seem to be preferred. The conversion between the two quantities is
where F 2Â denotes the forcing that would result from doubling atmospheric CO 2 , commonly taken as 3.7 WÁm
À2
( All of the estimates of Earth's equilibrium climate sensitivity shown in Fig. 5 and virtually all current estimates 40 exceed the no-feedback sensitivity and are therefore indicative of positive feedback in the climate system. The best estimate and range denoted "NRC" comes from an assessment conducted under the auspices of the National Research Council of the United States (NRC) 38 that was informed largely by early calculations with GCMs, general circulation models of Earth's atmosphere. Although remarkable for their time, the models of that time were quite primitive by the standards of today's climate models. The several ranges and, for the 2007 assessment, best estimate and range, of the successive Assessment Reports of the IPCC are based on considerations of multiple sources of information: GCM calculations, energy balance estimates, and estimates from paleo climates. Also shown in Fig. 5 is the estimate of the central 90% of the likelihood distribution for climate sensitivity given in the 2013 Assessment, the lower end of which coincides with the no-feedback sensitivity.
As a summary of the present state of understanding of Earth's climate sensitivity, Fig. 5 might be viewed as "goodnews, bad-news." The good news is that the best estimates given in the several studies and assessments are all about the same. The bad news is that the present estimate of this sensitivity is uncertain to a factor of 3, where the uncertainty range represents the central 66% of the likelihood distribution, approximately 61r. Further bad news is that despite all the intervening research, the estimates of the uncertainty range have not diminished between the 1979 NRC report and the 2013 IPCC report. This uncertainty thus remains quite large relative to the accuracy, say 25%, required to develop emission control strategies to limit the future increase in GMST to a desired value.
An important point pertinent to quantifying past and prospective climate change has to do with the small magnitudes of the changes in radiative fluxes and global temperature relative to the magnitudes of the initial, unperturbed quantities. The observed change in GMST of about 0.8 K (Ref. 4, Sec. 2.4) represents a change of about 0.3% relative to the initial 287 K. Even the 2 K increase in GMST that is widely considered a threshold of dangerous anthropogenic interference with the climate [41] [42] [43] [44] and which is the target maximum increase in temperature specified in the 2015 Paris Agreement of the United Nations Framework Convention on Climate Change 45 represents a change in GMST of less than 1%. The challenge to the climate change research community is to gain quantitative understanding of the changes in quantities influencing climate change and the expected response of the system to the accuracy necessary for informed decision making regarding prospective controls on future emissions of climate influencing substances. Such quantitative understanding is essential to answering "what if" questions regarding the consequences of future emissions of climate influencing substances. Determining the increase in GMST that would result if the mixing ratio of CO 2 were to increase to twice its preindustrial value to some desired level of accuracy, say 25%, is a daunting challenge.
V. INFERENCES AND IMPLICATIONS
Knowledge of the forcing over the Anthropocene together with Eq. (7b) relating forcing to expected change in global mean surface temperature (GMST) serves as the basis for comparison of expected and observed change in GMST. The observed increase in GMST over the period of globally representative instrumental measurements from the second half of the 19th century to 2011 given by the 2013 IPCC Assessment (Ref. , the calculated increase in GMST, 1.4 K, is substantially greater than the observed increase. This discrepancy is shown graphically in Fig. 6 , which shows the increase in GMST calculated by Eq. (7b) with N ¼ 0.5 WÁm À2 as a function of total forcing and equilibrium climate sensitivity (expressed as DT 2Â ). The calculated increase in GMST, 1.4 K, falls well to the right of the observed value DT ¼ 0.8 K denoted by the thick contour line. However, the discrepancy is readily resolved within present uncertainties in forcing and climate sensitivity as the contour denoting the observed increase in GMST 0.8 K can be achieved by a wide-ranging mix of forcing and climate sensitivity within their respective uncertainties denoted by the vertical and horizontal pairs of lines. Thus the observed increase in GMST can be achieved for DT 2Â at the low end of the range given by the 2013 IPCC Assessment, 1.5 K, if the total forcing is 2.5 WÁm À2 or, alternatively, for DT 2Â at the high end of the IPCC range, 4.5 K, if the total forcing is 1.1 WÁm
À2
, or anywhere in between. Indeed, if the forcing is at the high end of the IPCC range, 3.3 WÁm
, DT 2Â must be 1 K, a very low sensitivity, essentially equal to the no-feedback sensitivity (Fig. 5) . On the other hand, if the forcing is at the low end of the uncertainty range, 1.3 WÁm
, then DT 2Â must be 5 K, quite a high sensitivity. This analysis shows that the present uncertainty in total forcing precludes observationally constraining climate sensitivity, and vice versa. Bold contour at 0.8 K denotes approximate value of observed increase in GMST. Points denote expected increase in GMST due to IPCC best estimate total forcing over the Anthropocene, 2.29 WÁm À2 and by long-lived greenhouse gases only, 2.82 WÁm À2 (Fig. 2 ).
This situation has major implications regarding developing strategies to limit increase in global temperature. Importantly, reducing fossil fuel combustion to limit CO 2 emissions would also reduce emissions of aerosols and precursor gases. As the atmospheric residence time of these aerosols is quite short (weeks) relative to that of CO 2 and other greenhouse gases (decades to centuries), reducing fossil fuel emissions would thus result in a rapid decrease of the negative aerosol forcing. In turn, total forcing and GMST would increase. Under this situation, the total forcing would increase, in the limit, to the present forcing by long-lived GHGs, 2.8 WÁm
, denoted "GHG" in Fig. 6 . For climate sensitivity at its best estimate value, the resulting temperature increase relative to preindustrial would be 1.9 K. Within present uncertainty in climate sensitivity, as given by the 2013 IPCC Assessment, 4 the temperature increase above preindustrial to which the planet is committed on account of long-lived GHGs now in the atmosphere would range from the 1 K already realized to, at the high end of the sensitivity range, as great as 2.8 K [Ref. 46] . The latter substantially exceeds the widely accepted 2 K threshold for dangerous anthropogenic interference with the climate system (Sec. IV). The possibility that the negative forcing by anthropogenic aerosols has prevented the increase in GMST that would otherwise have been much greater has been characterized as a "Faustian bargain." 47 To forestall the full impact of the incremental GHGs, the aerosol offset or some other form of geoengineering would need to be maintained long after the benefit gained from combustion of fossil fuels has been enjoyed.
With respect to societal decision making on future emissions of CO 2 and other greenhouse gases, the consequences of the present uncertainties are quite discomfiting. If climate sensitivity is at the low end of the uncertainty range, then perhaps there is time for an orderly transition from reliance on fossil fuels as the primary source of the world's energy to alternative sources of energy. If, however, climate sensitivity is at the high end of that range, then future emissions will add to the already committed increase in GMST that is already well beyond the 2-K threshold that is widely considered to represent the onset of dangerous interference with Earth's climate. https://www.nature.com/articles/346713a0. Important assessment of the consequences of aerosol forcing and the greatly differing atmospheric residence times of aerosols and GHGs; (E)
VI. SUMMARY
This Resource Letter and the companion Resource Letter (GECC-1) have reviewed the so-called greenhouse effect of trace species in the atmosphere, water vapor, CO 2 and other polyatomic molecules that absorb and radiate in the thermal infrared, and clouds, calling attention to pertinent primary and secondary literature. The greenhouse effect is a key element of Earth's climate system responsible for a global mean surface temperature, average roughly 287 K, much greater than the radiative temperature at the top of the atmosphere, 255 K. Because of human activities, largely fossil fuel combustion, but including also deforestation, agricultural activities, and other industrial activities, amounts of long-lived greenhouse gases in the atmosphere, have increased substantially relative to their preindustrial values. The radiative forcing of the incremental greenhouse gases over the Anthropocene to date, calculation of which rests rather confidently on well-understood molecular properties and well characterized properties of the climate system, is of order 1% relative to top-of-atmosphere fluxes and is small also relative to spatial and temporal variability of these fluxes on a variety of scales. However even a 1% increase in global mean surface temperature, $3 K, would be of great consequence to human society and natural ecosystems. Present uncertainties in forcings and Earth's climate sensitivity have enormous implications regarding interpretation of increase in GMST to date, committed future increases in GMST, and policy regarding future emissions of long-lived greenhouse gases.
The physics of the greenhouse effect and more broadly of Earth's climate and climate change is a research field that has attracted many good physicists and continues to present important first-order challenges and research opportunities.
